Kinesin-1 is a motor protein that moves stepwise along microtubules by employing dimerized kinesin heavy chain (Khc) subunits that alternate cycles of microtubule binding, conformational change, and ATP hydrolysis. Mutations in the Drosophila Khc gene are known to cause distal paralysis and lethality preceded by the occurrence of dystrophic axon terminals, reduced axonal transport, organelle-filled axonal swellings, and impaired action potential propagation. Mutations in the equivalent human gene, Kif5A, result in similar problems that cause hereditary spastic paraplegia (HSP) and Charcot-Marie-Tooth Type 2 (CMT2) distal neuropathies. By comparing the phenotypes and the complementation behaviors of a large set of Khc missense alleles, including one that is identical to a human Kif5A HSP allele, we identified three routes to suppression of Khc phenotypes: nutrient restriction, genetic background manipulation, and a remarkable intramolecular complementation between mutations known or likely to cause reciprocal changes in the rate of microtubule-stimulated ADP release by kinesin-1. Our results reveal the value of large-scale complementation analysis for gaining insight into protein structure-function relationships in vivo, and point to possible paths for suppressing symptoms of HSP and related distal neuropathies.
Introduction
To transport organelles and other cargo complexes through cytoplasm over long distances, molecular motor proteins use paired, force-producing subunits to walk along microtubules. This is especially important for the development and maintenance of cells in which biosynthetic processes are asymmetrically located, such as neurons with long axons (SAXTON and HOLLENBECK 2012) . Mutations in microtubule motor proteins are known to cause hereditary forms of spastic paraplegia (HSP) (BLACKSTONE et al. 2011; REID et al. 2002) and
Charcot-Marie-Tooth type 2 (CMT2) GOIZET et al. 2009 ) distal neuropathies, and are suspected of contributing to the progression of other neurodegenerative diseases, including amyotrophic lateral sclerosis, Alzheimer's, Huntington's, and Parkinsons (DE VOS et al. 2008; MORFINI et al. 2009; PERLSON et al. 2010) . Defining the basic mechanisms of motor-driven cytoplasmic transport in axons and understanding how defects in them contribute to neurodegeneration are important areas for investigation.
The structure and mechanochemistry of kinesin-1, a major axonal transport motor, have been the subject of intense study. The holoenzyme is centered around kinesin heavy chain (Khc, or Kif5 in humans), composed of an N-terminal globular head (the motor domain) connected to a long α-helical stalk that terminates in a small C-terminal globular tail (VALE et al. 1985; YANG et al. 1989) . Two Khc heads, dimerized via coiled-coil interactions of their stalks, alternate cycles of ATP binding-hydrolysis-release and microtubule binding-release to move stepwise toward microtubule plus ends (reviewed by SINDELAR 2011; VALE and MILLIGAN 2000) , which in axons are oriented away from the cell body and toward the terminal (HEIDEMANN et al. 1981; STONE et al. 2008) . The stalk provides binding sites for proteins that link Khc dimers to organelles and other cargoes (reviewed by AKHMANOVA and HAMMER 2010) . Motor domain function and cargo linkage are thought to be regulated by various post-translational modifications of the kinesin-1 motor complex (reviewed by SAXTON and HOLLENBECK 2012) , by Khc tail-microtubule binding, and by intramolecular Khc tail-head binding (e.g. CAI et al. 2007; KAAN et al. 2011; WONG et al. 2009 ).
Kinesin-1 and fast axonal transport were implicated in neurodegenerative disease by the recessive phenotypes of Drosophila Khc mutants, including synaptic terminal dystrophy, organelle-filled axonal swellings, length-dependent inhibition of axonal action potential propagation and distal paralysis (GHO et al. 1992; HURD and SAXTON 1996; SAXTON et al. 1991) . The discovery that Kif5A missense mutations can cause the SPG10 form of HSP revealed striking parallels between human and Drosophila phenotypes (REID et al. 2002) . Currently known Kif5A HSP mutations are dominant missense alleles, causing spasticity, tonic contractions, and weakness in lower limbs, consistent with late onset degeneration of long upper motor neuron axons (reviewed by BLACKSTONE et al. 2011; FINK 2006) . The dominance is likely via antimorphic effects of combining defective and normal Khc in heterodimers, which when summed with mutant homodimers, will leave only 25% of kinesin-1 in a fully functional form (EBBING et al. 2008) . The contrasting recessive nature of Khc mutations in Drosophila may reflect a greater physiological tolerance of mildly impaired axonal transport and a lifespan on the order of weeks as compared to decades for humans.
One of the puzzles about HSP/CMT2 and related motor neuron diseases is why the onset and severity of symptoms varies so widely. Identical Kif5A mutations can cause either moderate HSP or severe CMT2-like symptoms in different members of the same family (GOIZET et al. 2009 ), suggesting that environmental or genetic differences have strong influences. To address this and to better understand the basic mechanisms of motor driven transport, we have studied a large set of Drosophila Khc mutations. Our results demonstrate that both nutritional environment and genetic background have profound influences on the onset and severity of mutant phenotypes, suggesting that searches for specific suppressors of human distal neuropathy symptoms will be worthwhile. Our results also reveal remarkable intramolecular suppression and enhancement influences between different Khc alleles, indicating an important intra-dimer functional relationship between the switch II loop (Loop 11) in the N-terminal motor domain and other elements of Khc, particularly the regulatory C-terminal tail region.
Materials and Methods

Drosophila strains
All Khc alleles were generated by standard F2 lethal complementation screens of 2nd chromsomes mutagenized with ethylmethane sulfonate (EMS). Males, each carrying a single mutagenized second chromosome were screened against deletions that remove Khc and nearby genes ( e.g. (Df2R)Jp6 or JP7), or against a null Khc allele (SAXTON et al. 1991) . Khc 1-16 were derived from an isogenized chromosome marked with pr, and Khc 17-58 were derived from a different isogenized chromosome marked with b If (BRENDZA et al. 1999; SAXTON et al. 1991) .
Khc 61-65 were generated by Ruth Steward's group (LIU et al. 1999) , and Khc 68-80 were generated by Rahul Warrior's group (LEI and WARRIOR 2000; MOUA et al. 2011) Fly strains carrying Khc mutations and expressing mitochondrial-GFP (mito-GFP) or the neuropeptide ANF-GFP in neurons were generated using P{w +mC UAS-GFPmito}AP.3 (PILLING et al. 2006) and P{w +mC UAS-ANFGFP}3 (RAO et al. 2001) . The use of those Gal4 UASactivated "GFP responder" transgenes and the P{GawB}D42 Gal4 "driver" has been described previously (BARKUS et al. 2008 
Sequencing and western blotting
Mutant Khc genes were sequenced on both strands at least twice using standard PCRbased methods (BRENDZA et al. 1999) . The missense alleles used in this study were rechecked by partial sequencing after the complementation tests were completed. The expression of Khc from mutant alleles was tested by western blotting with anti Khc antibodies as described previously (BRENDZA et al. 1999) .
Lethal phase analysis
To determine lethal phases for hemizygous Khc alleles, Khc mutant /CyO males were crossed to Df2R)Jp6/CyO virgin females. For each allele 100-200 larvae showing early paralytic behavior (Khc mutant /Df2R)Jp6) were collected and cultured on hard agar medium supplemented with live yeast (http://flystocks.bio.indiana.edu/Fly_Work/media-recipes/hardagar.htm). The numbers of dead animals and their developmental stages were scored daily until all had either died or had eclosed as adults.
To determine how different nutritional conditions influence lethal phase and paralytic phenotypes, w; Khc mutant / CyO, Kr-GFP males were crossed with w; Khc 27 / CyO, Kr-GFP; P{GawB}D42 Gal4 P{w +mC UAS-ANFGFP}3 virgin females. In a second set of tests, Khc 74 /CyO, Kr-GFP virgin females were crossed with Khc 27 /CyO-Kr-GFP; P{Khc7.5}/+ males.
Eggs were collected at 24 hour intervals on apple juice agar plates (3% agar, 30% clear apple juice, 0.05% methyl paraben) supplemented with live yeast. First instar larvae (n=20) not carrying the GFP balancer were selected, then placed on plates containing: 1) poor (apple juice agar); 2) normal (corn meal/corn syrup/killed yeast); or 3) rich (normal medium supplemented with live yeast) medium. Larval survival and paralytic behavior was monitored daily. Each test was repeated at least 3 times per condition and genotype.
Axonal transport analysis
To image GFP-mitochondria or neurosecretory dense core vesicles (DCV) in Drosophila axons, w; Khc 27 ; P{GawB}D42 Gal4 P{w +mC UAS-GFPmito}AP.3 / T(2;3)CyO-TM6B, Tb 1 females or w; Khc 27 / CyO, Kr-GFP; P{GawB}D42 Gal4 P{w +mC UAS-ANFGFP}3 females were crossed with w; Khc mutant / CyO, Kr-GFP males. At 4-5 days after egg lay, mutant larvae (non-Tb and no Kr-GFP pattern) expressing mito-GFP or ANF-GFP in neurons were placed between two coverslips separated by spacers of a thickness suited to the size of the animal, then anesthetized with 50ul of the human anesthetic Desflurane (Baxter) in a sealed imaging chamber modified from Fuger et al. (FUGER et al. 2007 ). Segmental nerves passing through segments A4-5 were imaged through the ventral bodywall with a 60X 1.4NA objective on an inverted spinning disk microscope (Improvision) that was equipped with a Hamamatsu C9100-50 EM CCD camera.
Larvae were imaged within 10 minutes of immobilization. Images were collected at 1 frame per second for mito-GFP or 2 frames per second for ANF-GFP for at least 200 frames. After imaging, larvae were removed from the chamber and placed on normal culture medium. Data were analyzed only from larvae that recovered mobility.
Flux, the number of mitochondria or DCVs that move in each direction past a line drawn perpendicular to one nerve, was divided by elapsed time (BARKUS et al. 2008; MOUA et al. ;  larvae per genotype.
Intra-allelic lethal complementation and contingency analysis
Females and males of genotype Khc m /CyO were crossed in all possible pair-wise heteroalleleic combinations. Each cross was repeated until at least 100 progeny were counted.
Cy is a dominant mutation that causes abnormal wing shape and CyO/CyO animals do not develop beyond the embryonic stage. Thus, in the absence of any developmental arrest caused by Khc m /CyO, full complementation should yield a 1:2 ratio of non-Cy to Cy progeny. Viability of the Khc m1 / Khc m2 test class was thus calculated as the number of flies with non-Cy wings doubled then divided by the number of flies with Cy wings, multiplied by 100%.
To study intra-allelic complementation patterns, a contingency analysis was performed using SPSS 20 (IBM). Observed viability values were compared with those predicted by the average severity of each parental allele over all its crosses. Differences were assessed as standardized residuals ([observed-expected]/[expected] 1/2 ). Note that homo-allelic (self) crosses were not done because of the likelihood of recessive lethal mutations outside the Khc locus on the mutagenized 2nd chromosomes. The self-cross values in Figure 4A are "expected" values selected by trial and error to produce standardized residuals as close to zero as possible.
Results
A Khc allelic series
A large set of recessive lethal Khc alleles was obtained from 4 independent screens for EMS induced mutations that fail to complement known Khc nulls (BRENDZA et al. 1999; LEI and WARRIOR 2000; LIU et al. 1999; SAXTON et al. 1991) . Sequencing of coding DNA from 80 candidate mutant Drosophila strains identified 6 nonsense alleles (Khc 8, 13, 24, 27, 31, 35 Figure S1 (HACKNEY 2007; KULL et al. 1996; MORII et al. 1997; SINDELAR 2011; VALE and FLETTERICK 1997) . c The stage in which 50% of Khc mutant /Df(2R)Jp6 animals had died (n > 100) * Allele has been lost (BRENDZA et al. 1999; SAXTON et al. 1991) . Most of the other missense alleles had less severe effects, causing unbalanced muscle contraction in posterior segments of third instar larvae (tail flipping, HURD and SAXTON 1996) and lethal phases ranging from third instar to pupal stages. Two mild alleles (Khc 36, 37 ) also caused tail flipping in the third instar, but allowed development of some viable hemizygous adults.
The distribution of Khc and Kif5A mutations
To search for elements of the motor that are particularly important both for its functions in Drosophila and for human neurodegenerative disease, the locations of Khc missense changes were compared with those of Kif5A mutations linked to HSP and/or CMT2 (BLAIR et al. 2006; CRIMELLA et al. 2011; FICHERA et al. 2004; GOIZET et al. 2009; LO GIUDICE et al. 2006; MUSUMECI et al. 2011; REID et al. 2002; SCHULE et al. 2008; TESSA et al. 2008) . The in the ~350 amino acid N-terminal head region, which is strongly conserved in all members of the kinesin family, and 4 in the less conserved ~550 residue coiled-coil-forming neck and stalk region that homo-dimerizes Khc, links it to cargoes and may have some regulatory functions. There are also 4 Khc alleles in the semi-conserved ~50 residue C-terminal globular tail region that can bind microtubules and that includes the "IAK" motif known for binding the head and inhibiting its mechanochemical activity by reducing the rate of microtubule-stimulated ADP release (CAI et al. 2007; DIETRICH et al. 2008; KAAN et al. 2011; SEEGER and RICE 2010; SEILER et al. 2000; WONG et al. 2009 ). Figure S1 ). The mechanochemical head and the globular tail regions of Khc are orange rectangles, coiled-coil forming elements of the α-7 neck helix-hinge 1 (N-H) and the Stalk are striated rectangles. Intervening flexible regions are single lines. Landmark structural features that have clusters of mutations are noted with arrows: Sw1 (Switch 1), L11 (Loop 11), L12 (Loop 12), and IAK (QIAKPIRS conserved tail peptide). The red asterisks mark fly Khc 74 and a human HSP allele that cause the same D79N amino acid change in alpha helix 1 (numbering from SwissProt accession numbers: Q12840 for Kif5A and P17210 for Khc). The blue triangle represents an in-frame deletion that removes 3 amino acids from a human HSP allele.
The distribution of human Kif5A mutations follows a similar pattern. Of the 20 currently identified mutations, 18 are located in the N-terminal head region (GOIZET et al. 2009; SCHULE et al. 2008) . Full Kif5A sequencing has identified two in the coiled-coil-forming regions, one in the neck helix and one between coils 2 and 3 of the stalk, indicating that changes in Kif5A outside the head can cause HSP symptoms in humans LO GIUDICE et al. 2006) .
Of particular interest in the head, a known human HSP allele, D73N, (GOIZET et al. 2009; MUSUMECI et al. 2011; SCHULE et al. 2008 ) is identical to Drosophila Khc 74 (D79N) that causes an amino acid change in α-Helix 1 (Figure 1 asterisks, Figure S2 ). Also of interest, 7 of the 18 human Kif5A head mutations (~40%), including the two associated with the more severe symptoms of CMT2 (G235E, E251K) GOIZET et al. 2009 ) cluster in Loop 11, which with a length of 24 amino acids represents only 7% of the head. Remarkably, 7 of the 18 Drosophila Khc head alleles also cluster in Loop 11. The specific amino acids of that sequence, which starts with the Switch II ATP gamma phosphate sensor (LAGSE) and ends in key microtubule binding elements (α-Helix 4, Loop 12, and α-Helix 5), must be especially critical for the cellular and developmental functions of kinesin-1 in both flies and humans.
Extragenic influences on phenotype severity
The age of onset and the severity of symptoms caused by Kif5A mutations varies widely from early childhood to middle age even within a family sharing the same allele, highlighting questions about environmental and genetic background influences (e.g. CRIMELLA et al. 2011; GOIZET et al. 2009 ). In lethal phase tests, mutant larvae survived longer when they were in areas away from patches of live yeast, suggesting a nutrition influence on phenotype severity. To test this, the Khc 27 null was placed over missense alleles from different regions of Khc: the Khc 74 head HSP allele , the Khc 17 loop 11 allele, the Khc 6 stalk allele, and the Khc 22 tail allele. Control animals (Khc m /+, or Khc m /Khc 27 ; P{Khc7.5}/+) behaved normally on all three types of food, but on poor food, larvae were smaller and had a pupariation delay of 3-4 days, as expected from previous studies (reviewed by Edgar, 2006) . The mildest allele, Khc 17 showed paralytic tail flipping behavior on normal or rich food, that was markedly suppressed on poor food. On all three types of food, Khc 17 lethal arrest occurred during the pupal stage. Khc 74 and the other two alleles caused more severe paralysis that was not so obviously suppressed on the poor food.
However, their 50% lethal phases on normal and rich food were shifted from third instar to the pupal stages ( Figure 2 severity is not simply due to the size of a genetic lesion at the Khc locus, rather it must be due to variation in genetic backgrounds elsewhere.
Differential effects of Khc mutations on axonal transport
The axon degeneration problems and distal paralysis caused by kinesin-1 mutations in Drosophila and humans, are likely due to defects in fast axonal transport (EBBING et al. 2008; GHO et al. 1992; HURD and SAXTON 1996; REID et al. 2002; SAXTON et al. 1991) . To compare the influences of Khc missense alleles on transport, they were placed over the Khc 27 null in animals that expressed in neurons either ANF-GFP, which concentrates in neurosecretory dense core vesicles (DCVs), or mito-GFP, which concentrates in mitochondria (BARKUS et al. 2008; PILLING et al. 2006) . Anterograde flux was determined by analyzing time-lapse fluorescence Figure 4 ) and caused similar 65-75% reductions in DCV flux. However, while Khc 15 nerves had a 70% reduction of mitochondria flux, Khc 23 and 62 nerves had no flux. In fact Khc 23 and 62 larvae had no visible mitochondria in distal segmental nerves and only a few in proximal nerves. A majority of alleles caused more severe reductions in mitochondria transport than in DCV transport. However, Khc 2 , and perhaps also Khc 10 and 11 showed the reverse, reducing DCV transport more than mitochondria transport.
These contrasting effects of Khc alleles on DCVs and mitochondria suggest interesting allele- specific effects on different transport mechanisms. An alternative is that different genetic backgrounds may have distinct influences on the two transport mechanisms.
Intra-molecular complementation
To probe functional relationships between different regions of Khc in vivo, we tested for intra-allelic complementation of lethality during development. Each heterozygous missense strain (Khc mutant /CyO) was crossed to every other, then the fraction of Khc alleleM /Khc alleleF test class progeny that developed to adulthood ("percent viability") was estimated for each combination ( Figure 4A ). Scrutiny of the results for individual pairings revealed that some male-female reciprocal crosses allowed substantial complementation in one polarity versus none in the other (e.g. 23 x 68 and 63 x 62). Repeat tests of several such asymmetric cases produced similar results, indicating that they were not due to experimental error. While such parental polarity effects are interesting, the lack of any clear pattern of allele specificity for them precludes general interpretations beyond the likelihood that maternal genetic background differences can influence the severity of Khc mutant developmental lethal defects.
Since each value in the complementation matrix is independent of the others, we used contingency analysis to search for interesting complementation patterns. The average viability values for each allele over all it crosses ( Figure 4A , Avg) were used to calculate expected values for each cell in the matrix. Those expected values were compared to the observed values by Chi-square analysis and differences were assessed as standardized residuals. The residuals revealed striking negative and positive interactions for individual crosses that were symmetrical in both parental polarities ( Figure 4B ). Shading the matrix as a heat diagram pointed out strong negative interactions amongst Loop 11 alleles, negative interactions amongst Tail alleles, and positive interactions for crosses between those two groups.
To test for such regional effects more specifically, we aggregated all the observed values for individual crosses based on five Khc structural regions (H1 = head upstream of Loop 11; L11 = Loop 11 itself; H3 = head downstream of Loop 11; Stalk = neck and stalk region, and Tail = globular tail region). The 25 regional sums, when analyzed in a 5x5 contingency table, confirmed strong negative interactions for Loop 11 x Loop 11 and Tail x Tail mutant pairings, and strong positive interactions for Loop 11 x Tail pairings. These results suggest that a kinesin-1 motor with either two mutant Loop 11 subunits or two mutant tail subunits suffers from a particularly severe loss of function. Conversely, a kinesin-1 that combines a Loop 11 mutant with a Tail mutant in most cases functions better than expected. It is interesting to note that although they do not show negative self complementation in the 5x5 matrix, the H1 and Stalk regions have complementation profiles similar to those of the Tail region; positive with Loop 11 and negative with Tail alleles. Returning to the full matrix ( Figure 4B ) it is apparent that specific alleles within the H1 and Stalk groups produced markedly Tail-like (e.g. Khc 74 , Khc 32 , Khc 19 , Khc 6 ) or Loop 11-like (Khc 23 ) complementation patterns. Since the dimerization contact for Khc is in the long stalk region, it is unlikely that the Loop 11-Tail effects are due to complementary folding changes through that surface. An interesting alternative, elaborated in the Discussion, is that Loop 11 and the Tail have opposing influences on the ATPase cycle of kinesin-1.
The Khc lethal complementation results offered an excellent opportunity to quantify genetic background influences, because the alleles came from four separate mutagenesis efforts that each started with a different 2nd chromosome (see Materials and Methods). To test the Shading is as in B. Note the remarkably negative values for crosses between alleles in Loop 11 and the positive values for crosses between Loop 11 and the Tail. D) A 4x4 contingency analysis of viability values aggregated according to 4 different genetic backgrounds; one from each mutagenesis effort that generated the Khc alleles (see Materials and Methods). Note that crosses within each mutagenesis group had more negative effects on viability than crosses between groups, indicating recessive genetic background effects from the parental chromosome on Khc mutant lethality. grouped according to the mutated parental chromosome and then aggregated to create a 4 x 4 contingency table ( Figure 4D ). The standardized residuals for crosses between alleles from the same background showed markedly negative interactions, while unrelated inter-background crosses showed either milder negative or strong positive interactions. This confirms that non-Khc genetic background can influence the lethal effects of Khc mutations. The likelihood that these background effects substantially skewed the Khc regional complementation patterns shown in Figures 4B and C is small, because none of the five structural regions is dominated by alleles from a particular mutagenesis.
Discussion
Our results provide new insights on distal neurodegenerative diseases like HSP and on in vivo structure-function relationships for kinesin-1. Both nutritional environment and genetic background can have considerable impact on the severities of kinesin-1 mutant paralysis and lethality in our Drosophila model system. This supports the hypothesis that environmental and genetic background differences have strong influences on the severity of HSP and other distal neuropathy symptoms in humans. Our missense complementation data reveal important relationships between different structural elements of the Khc motor protein. Specific defects in Loop 11 of the head, which normally facilitates ADP release by communicating microtubule contact to the nucleotide binding pocket, can be compensated by defects in the tail "IAK" region, which normally inhibits ADP release by interacting with the head. This suggests that processes requiring kinesin-1 rely on a properly tuned Khc mechanochemical cycle, such that either excessively fast or excessively slow catalytic turnover rates have paralytic and lethal consequences.
Loop 11 alleles and microtubule-stimulated ADP release
Great advances have been made in understanding the structure and the mechanochemical cycle of the Khc motor domain. It is folded as a "β-sandwich" with α helices 1-3 and the nucleotide binding pocket on one side of a central beta sheet and α helices 4-6 and microtubule-binding elements on the other SABLIN et al. 1996) . Loop 11 begins with the LAGSE Switch II element of the nucleotide binding pocket and ends on the microtubule-binding side where it becomes α-Helix 4, also called the Switch II Helix (Figure 5 ). When Khc with ADP bound settles on a microtubule, α- Figure 5 . A model of the Drosophila Khc head highlighting Loop 11 and α-Helix 4. The microtubule binding surface is closest to the viewer. Upon binding a microtubule, α-Helix 4 (α-4) lengthens by recruiting 10 adjacent amino acids from Loop 11 (L-11) extending to G242 (orange star). That dynamic change is thought to shift Switch II (black star) near the beginning of Loop 11 to facilitate ADP release (SINDELAR 2011). This model was developed using a Monte Carlo algorithm with Rosetta starting with coordinates for the human Khc head from Kull et al. (KULL et al. 1996) , and substituting in Drosophila sequence. This folding pattern represents the most common low energy state from 5000 different tertiary structure predictions. Helix 4 responds by recruiting the adjacent ~10 amino acids of Loop 11 into an extended helix, shortening Loop 11, shifting Switch II, and encouraging the exchange of ADP for a fresh ATP.
The binding of ATP causes structural shifts that allow ordered association of the neck linker with the head to generate tension on the trailing head that aids its release from the microtubule and shifts it toward the microtubule plus-end (RICE et al. 1999; SINDELAR and DOWNING 2007; SINDELAR and DOWNING 2010) .
Detailed kinetic tests indicate that Loop 11 is a critical positive regulator of microtubulestimulated ADP release. Mutation of the dynamically shared Loop 11-α4 amino acids LDE255-7 or N262 (Drosophila numbering) causes substantial decreases in the rate of microtubule-stimulated ADP release (AUERBACH and JOHNSON 2005; SHIMIZU et al. 2000; SONG and ENDOW 1998) . Assuming that our Drosophila L255F Khc 75 mutation has a similar effect, its remarkable similarity to the Khc 61, 66, 17, and 62 Loop 11 alleles in complementation behavior suggests that a reduced rate of ADP release is a key defect for all of them. Steadystate kinetic tests of purified motor domains with the Khc 17 S246F mutation support this (BRENDZA et al. 1999) . The mutation does not alter ATP binding or the basal ATP hydrolysis rate and it has only a mild effect on microtubule binding. However, it reduces the rate of microtubule stimulated ATP hydrolysis 3-fold suggesting a defective functional linkage between α-Helix 4 and Switch II (BRENDZA et al. 1999) .
The complementation pattern of those 5 Loop 11 alleles is notably shared by Khc 23 , which causes an E164K change in Loop 8. That amino acid is remote from the ATP binding pocket, yet steady-state kinetic analysis of E164K mutant protein has shown slowed catalysis likely due to altered ATP binding and slowed ADP release (BRENDZA et al. 1999) . Detailed pre-steady state kinetic tests of an E164A mutant showed that ADP release is indeed slowed 3-4 fold suggesting a structural linkage between Loop 8 and the nucleotide binding site, perhaps via α5-Loop 12-α4-Loop 11 (KLUMPP et al. 2003) .
Khc tail regulation of the head
The Khc globular tail, and particularly the conserved QIAKPIRS/P sequence (Drosophila 941-948) can down-regulate the mechanochemical cycle by contacting the head and inhibiting release of ADP (DIETRICH et al. 2008; HACKNEY and STOCK 2000; HACKNEY and STOCK 2008; KAAN et al. 2011; WONG et al. 2009 ). Our contingency analyses show that Khc tail mutations have negative interactions with one another and, as a group, have positive interactions with head mutations that are known (Khc 23 and 17 ) or suspected (Khc 61, 66, 62, and 75 ) of slowing ADP release. The most consistent suppression patterns were seen with Khc 15 (A940T) and Khc 22 (P945S). The pattern of Khc 77 (S948F) is less regular, as is that of Khc 76 which causes a change in a nearby tail peptide that can bind microtubules (SEEGER and RICE 2010) . Their variations in complementation pattern suggest that those changes have effects on tail structurefunction that are different from those of Khc 15 and Khc 22 . Although direct tests of how these four particular tail mutations alter mechanochemistry have not been done, their location in and near the IAK motif predict impaired inhibition of microtubule-stimulated ADP-release. Their similar complementation patterns support the hypothesis that the negative effects of head mutations that decrease ADP release rates can be partially relieved by pairing with Khc tail mutations that increase ADP release rates.
Our contingency analyses ( Figure 4A The stalk is known for binding accessory proteins like kinesin light chain and Milton that link to transport cargoes (DIEFENBACH et al. 1998; GLATER et al. 2006) . None of our stalk alleles change known binding sites for those proteins. Since the coiled-coil and intervening flexible hinge regions of the stalk must double over to allow interaction of the tail and head, changes in stalk sequence might influence ADP release by distortion of such folding. In the H1 region, Figure S2) , suggests that the D79N change disturbs normal neck linker interaction with its binding pocket along the side of the head. How this might speed ADP release by kinesin-1 is not obvious, but Khc 74 also appears to cause slight structural changes in α-4 and Loop 11 that could enhance ADP release rates.
The Loop 11 cluster
The observation that 40% of missense changes in both fly and human Khc head domains are located in Loop 11, which includes only 24 of the head's ~350 amino acids, is particularly interesting. In considering this, we assume that the human dominant and Drosophila recessive missense alleles cause generally similar defects in protein function. Since kinesin-1 requires alternating coordinated stepping activity by dimerized Khc heads, amino acid changes in the head are likely to be dominant negative with an impaired kinetic cycle of a mutant Khc tripping up the cycle of a wild-type partner (EBBING et al. 2008) . Such a dominant negative effect should reduce overall kinesin-1 function by more than 50% in both species. In Drosophila, with axon lengths on the order of millimeters and a life span of weeks, the dominant negative transport reduction is not sufficient to produce readily detected phenotypes.
In humans, with axons of up to a meter and a life span of decades, the dominant negative effect gradually reduces signaling by the long cortico-spinal axons of upper motor neurons to the point that lower limb movement control becomes defective.
Why are missense mutations more frequent in Loop 11? The frequencies of G/C base pairs in Loop 11 and in the rest of the head are not remarkably different, arguing against the trivial explanation that Loop 11 contains more of the GC base pair targets of EMS mutagenesis. Comparison of Khc amino acid sequences from different species (e.g. Figure S1) shows that Loop 11, like most of the rest of the head domain is highly conserved, so its sensitivity to amino acid changes under the subtle constraints of natural selection is not a distinguishing feature. Instead, the clustering is probably due to the extra constraints of inheritance of the human alleles and the screening criteria used to identify the Drosophila alleles. In both cases, a mutant allele must cause sufficient inhibition of kinesin-1 to produce readily recognized phenotypes, yet not so much that dominant lethality occurs before the age of Multiple approaches in our study indicate that genetic background can have strong influences on the severity of phenotypes caused by impaired Khc function. Screens for dominant extragenic enhancers of Khc mutations have identified proteins that are associated and function directly with either kinesin-1 or the cytoplasmic dynein motor complex (HORIUCHI et al. 2005; MARTIN et al. 1999) . The results presented here indicate that there are also dominant extragenic suppressors of Khc mutations. Experimentation directed at identifying and characterizing suppressor genes will provide new insights into how kinesin-1 functions in vivo and could identify biochemical pathways that can be manipulated to suppress the human symptoms caused by HSP and related distal neuropathies.
Our results also indicate that kinesin-1 driven processes are sensitive to influences from environmental factors. Feeding Khc mutant larvae with apple juice medium rather than the richer mixture of cornmeal, corn syrup and yeast, reduced the severity of distal paralysis and delayed lethality. With plenty of sugar present, apple juice medium is not a restriction of caloric intake, but it is low in oil, protein and the more complex nutrients provided by yeast.
Although fly and human genomes and their intracellular mechanisms have many parallels, their organismal physiologies are quite different, so the specifics of nutritional suppression of kinesin-1 defects in flies may not be directly relevant in humans. However the fact that nutrition based suppression can be effective in suppressing neuropathy and delaying lethality suggests that tests of dietary influences on the symptoms of HSP, CMT2 and similar distal neuropathies will be worth pursuing. Figure 4A ).
The locations of mutant amino acid codon changes relative to the three major structural regions of Khc and to Loop 11 are shown below the X-axis. , and substituting in Drosophila sequence. This folding pattern represents the most common low energy state from 5000 different tertiary structure predictions.
